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Land-use transport modelVarious projects all over the world are attempting to build smart cities in hopes of achieving energy-efﬁcient and
livable communities, but most of them are aiming to fulﬁll their goals technologically. However, the energy
efﬁciency and livability of a city are affected by not only these technological factors but also urban structures
that encompass residential areas, ofﬁces, transportation networks, and other facilities. Urban policies intervene
in transportation and land-use conditions and thereby change how citizens consume energy and go about
their daily lives as the actors in the urban system alter their behavior. This means that energy efﬁciency and
quality of life share close ties. Assessments of urban policies thus need to consider the reactions of actors to
the intervention.
This study demonstrates the applicability of a land-use transport model to the assessment of urban policies for
building smart communities. First, we outline a model that explicitly formulates the actors' location-related
decisions and travel behavior. Second, we apply this model to two urban policies – road pricing and land-use
regulation – to assess their long-term impact on energy saving and sustainability using the case of a simpliﬁed
synthetic city. Our study veriﬁes that, under assumed conditions, the model has the capacity to assess urban
policies on energy use and sustainability in a consistent fashion.Kagawa U
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Urban policies aimed at compaction and modal shift are considered
important measures for saving energy from the transportation sector.
Cities can become more compact or public transportation-oriented by
prompting the actors in the urban system to modify their behavior;
changing household locations, moving company ofﬁce locations, and
expanding transportation modes for a wider range of travel purposes
are three examples of this mode of modiﬁed behavior. Urban policies,
including the development of public facilities or infrastructure, trans-
portation or land-use regulations, and taxes or subsidies, change the
conditions of an urban system and induce behavioral changes among
the actors in the system. As a result, urban policies affect energy use inniversity, 2217-20
2140.
(K. Akimoto),
and Safety Sciences.
iences. Production and hosurban activities as well as the happiness or quality of life of people in
the city, which can serve as a representative index of sustainability.
Policies that decrease city residents' quality of life are not sustainable
because they thwart the satisfaction of the needs of current or future
generations. When we evaluate urban policies as energy-saving
measures, we should recognize not only their impact on energy saving
but also their effects on people's lives as indices of sustainability.
A land-use transport (LUT) model is an analytical tool for assessing
the impact of urban policies on people's activities and quality of life.
This approach assumes the behavioral principles of people and ﬁrms
with regard to their location choices and travel in the urban system,
analyzing the impact of policies on these urban activities. As a result, it
is possible to calculate their energy consumption. In addition, it is possi-
ble to link the estimated spatial distribution of populations and urban
activities to the requirements of infrastructure investments that
consume both energy and public budget funds. With this analytical
tool, one can estimate how policies affect people's happiness or quality
of life and inﬂuence transportation-related energy consumption levels
in light of the people's behavior.
The objective of this study is to demonstrate the applicability of
a LUT model to the assessment of energy-saving measures in urban
transportation systems. We have developed a LUT model that explicitly
describes people's behavior in order to assess the effectiveness of urbanting by Elsevier Ltd. All rights reserved.
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impact of urban policies on urban sustainability. Using this model, we
analyze the repercussions of modal shift among passengers and urban
compaction in an assumed virtual city. In Section 2, we review urban
policies as mitigation measures and studies for urban modeling.
Section 3 covers our LUT model, and Section 4 discusses the simulation
results for a modal shift policy and an urban compaction policy.
2. Urban policies and analytical models
2.1. Urban policies as transport-related energy-saving measures
Given the inextricable links between CO2 emissions and energy
consumption in urban transportation, policies to reduce CO2 emissions
contribute directly to energy saving in urban transportation. Here, we
review the literature pertaining to energy saving and CO2 emission
reduction in urban policy.
Some studies have shown that urban policies can have a substantial
impact in reducing CO2 emissions. The National Institute for Environ-
mental Studies in Japan discussed policy measures to realize its vision
of the urban lifestyle of the future and future reductions in CO2 emis-
sions [1]. It concluded that by 2050, emissions could be reduced by
70% from their 1990 level. Urban policies are responsible for part of
the emission reductions in its model, which the institute analyzes to
argue that it is possible to slash CO2 emissions from building, heating/
cooling, and transportation [2]. The Intergovernmental Panel on Climate
Change (IPCC) compiled a wide range of mitigation measures in the
ﬁeld of land use and transportation policy, including urban compaction
and modal shift [3]. In order to promote mitigation through urban
policies, the Japanese government selected 13 “eco-model” cities to
implement policies for a low-carbon society [4]. In this program,
the government helps the selected local governments achieve their
emission reduction targets through urban policies. The following
section summarizes the features of urban compaction and modal shift
in passenger transportation from the literature.
2.1.1. Urban compaction
Urban compaction is a policy that aims to reduce CO2 emissions and
energy consumption without undermining resident welfare by limiting
the urban sphere and leading to higher population density. Measures
that support this policy include land-use regulations like zoning and
development controls, strategic investments in urban infrastructure at
the city center, and property/land value tax systems that give prefer-
ence to location and development at the city center.
This policy is designed to have the following positive effects:
reduced total trip length, a modal shift from private cars to public or
non-motorized transportation, fewer expenses tied to infrastructure
and buildings in suburbs, and improved efﬁciency of area heating/
cooling because of higher city-center density. At the same time, the
potential negative effects of the policy include worse trafﬁc congestion,
increased land prices, increased construction costs, less residence/ofﬁce
space per person, a risk of concentrated hazards from air pollution, and
increased energy consumption from building maintenance and opera-
tions due to intensive vertical development.
Many studies highlight the effects of urban form on CO2 emissions
and energy consumption in commuting [5–9]. These studies provide
empirical evidence of reduced CO2 emissions and energy consumption
in compact cities because of the shorter average commuting length.
However, the ﬁndings hold only when the distributions of the activities
are given. Gaigné et al. [10] explained that policies targeting higher
density affect prices, wages, and land rents, which lead ﬁrms and
households to relocate. Using a simple economic model, the authors
demonstrated that such policies might actually increase emissions and
energy consumption under certain conditions. Their results underline
the need to consider the indirect effects of compaction policies through
the relocation of the actors involved.Some cities are facing the problems of urban shrinkage due to eco-
nomic decline, depopulation, and aging. Despite the shrinking environ-
ments, these cities rarely develop amore compact urban form naturally
in themarket. Researchers have shown that this urban shrinkage causes
problems in land use and the oversupply and underuse of housing
stocks [11–15],making urban compaction a potentially productive solu-
tion in these cases. Compact cities require less infrastructure and tend to
be cost-effective [16]. Infrastructure requires a substantial amount of
energy and monetary input that needs to factor into policy assessment
[17].
2.1.2. Modal shift of passenger transportation
Amodal shift policy aims to induce amodal shift from private cars to
public transportation or non-motorized transport, which can help
alleviate road congestion and reduce energy consumption and CO2
emissions. The following policy measures are considered effective: the
development of a public transportation infrastructure, subsidies for
public transportation operations, fare controls, trafﬁc regulations and
pricing schemes for private cars, fuel taxes, and parking fee controls
[18].
By establishing these policies, cities hope to create social beneﬁts
through improved services and reduced public transportation costs,
curb CO2 emissions, and cut down on road congestion. However, these
policies can also lead to increased ﬁscal expenditures on public trans-
portation and a decline in social welfare due to restrictions on or
increased costs of car usage.
Pigou [19] and Knight [20] took extensive looks at road pricing.
Many studies have focused on ﬁnding socially optimum prices under
various situations [21–24] but limited the assessment scope to within
road networks and given little concern to the impact of policies on
land use or competition among cities. Some studies have tried to
capture the impact on land use using the land-use transport models
which are described in the next section.
2.2. Urban models and land-use transport models
Although these two policies may reduce energy consumption and
CO2 emissions from the transportation sector, they have both positive
and negative effects on social beneﬁt. Assessments of the impact of
these policies should thus evaluate not only reductions in CO2 emissions
but also social sustainability. Because the path of the impact of urban
policies on social sustainability is too complicated to be readily intuitive,
we need an analytical tool to determine the ways in which urban
policies might affect society.
There are various studies of urban models based on different
theoretical frameworks, including the optimizationmodel of residential
location [25], the life-cycle assessment model for estimating lifetime
environmental burden from buildings and transportation [26], and the
urban economics model for assessing the impacts of policies on the
spatial patterns of economic activities and on social welfare [27]. Of
these studies, only the urban economics models explicitly describe
people's behavior in a city and are able to quantify the social sustainabil-
ity indices, including beneﬁt based on behavioral principles.
LUTmodels, which integrate urban economicsmodels and transpor-
tation behavior theory, provide a comprehensive analytical framework
for the assessment of urban policies (see review papers by Wegener
[28] and Miyamoto et al. [29]). For example, Anas and Xu [30] devel-
oped a general equilibriummodel of the urban activities of households
and ﬁrms in a city, based on discrete choice theory, to assess urban
policies such as road pricing and the provision of public housing. The
authors divided the urban space into discrete zones and used their
model to evaluate policy impact through two methods: ﬁrst, they
compared the equilibrium states with and without the policy. Second,
they examined where in each zone the equilibrium state represents
the simultaneous equilibrium of markets, including the commodity,
labor, land, and transportation markets.
Fig. 1. Concept of vision sharing.
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The purpose of this study is to develop amethod of assessing the im-
pact of urban policies on energy consumption and social sustainability
with a model that should be applicable to various cities with different
population and economic levels. Situations and activities naturally differ
among cities, especially between those in developed and less developed
countries, at least superﬁcially. However, many cities in emerging
nations are taking similar urban growth trajectories and facing the
same urban problems in land use and transportation that developed
countries have experienced. Divergent legal systems and cultures are
surely factors in shaping different urban situations, but democratic
countries can be assumed to share the essential drivers behind the
formation of urban structure and activities, which are derived from
the behavioral principles of the people or companies involved. Follow-
ing the literature on LUT models, this study explains urban formation
through the behavior of actors in the urban system under given popula-
tion, technology, and productivity conditions. In our view, people and
the other actors have common behavioral principles in urban activities
across the world, especially with regard to the economic aspect. There-
fore, we believe that ourmodel framework is applicable to various cities
when adjusted and calibrated properly.
Technologies for smart cities would affect the urban activities
through the change of costs for buildings and transportation. Building
energy management systems or connection of electric vehicles to the
local power grid which are major components of smart cities is expect-
ed to improve the efﬁciency of electric power generation. Energy ITS is
another component of smart cities which is also expected to make the
transportation more efﬁcient. In this study, these technologies are not
represented explicitly, but those impacts can be captured by change of
the costs. The model is able to estimate the long term synergy and
rebound effects of these technological progresses as well through the
locational shift of ofﬁces and residences. If energy technologies for
buildings reduce its costs at higher district population densities, it will
enhance further energy consumption reduction over the city because
households will move to the energy efﬁcient district reﬂecting the
lower costs. On the other hand, if transport cost is reduced by the
technologies, the city area is expected to expand as past LUT studies
suggested that may cancel some part of the energy consumption reduc-
tion by technological progress.
As we intend to explain the impact path of policy measures, the
model is designed to output some basic indicators related to lifestyle, in-
cluding income, ﬂoor area of residence, and commuting time, as social
sustainability indices. Originally LUTmodels were developed for assess-
ments of the impacts of policies on urban activities, and especially on
travel behaviors. Recent LUT models based on utility theory are also
able to estimate the policy impact on social welfare under assumptions
about how travel patterns translate to personal well-being. Public poli-
cies in the ﬁeld of urban planning, transportation, energy, and environ-
mental sustainability may require not only forecasts of the physical
impact of the policies but also perspectives on the social and personal
well-being because they may bring trade-offs among policy targets.
Therefore, a comprehensive assessment of wide range of impacts is
needed. Of course, a LUT model only provides partial information of
policy impacts on human well-being. However, if it is helpful for
policymaking, we believe that there is a good reason to apply a LUT
model to welfare analysis.
Ourmodel is based on past studies of LUTmodels; however, we have
upgraded some sub-models, such asﬁrm location and developer invest-
ment behaviors, to make policy assessments more incisive. In terms of
contributing to policy practice, we see our model as a tool that makes
it easier for policymakers and relevant stakeholders to share visions of
policy outcomes. Fig. 1 illustrates the concept of vision sharing using a
LUT model. A stakeholder in a given urban policy may have distinctive
interests that could conﬂict with the interests of other stakeholders.
A LUT model can be designed to analyze those different interestsconsistently and visualize the outcomes spatially. The outcomes form
a vision of the target urban area, a picture that stakeholders can share
to coordinate policy planning and consensus building. Past modeling
studies have largely passed over this issue and sometimes placed impact
paths in a black box. To make the analysis results accountable, we try to
keep the model as simple as possible.
3. Land-use transport model
Our model is similar in structure to the model of Anas and Xu [30],
butwe include agglomeration economies in the choices for ﬁrm location
andmake the ﬂoor areas of residences and ofﬁces endogenous variables
by introducing a model of developer behavior. Some studies have taken
these factors into account [31,32], but we reformulate them within a
more simpliﬁed framework. We employ the bid-rent theory [33] for
the ﬂoor market-clearing condition to reduce the computational cost
of the model. We also consider only passenger transportation and
neglect freight transportation. Furthermore, the study restricts the
scope of its transportation mode analysis to cars and trains, but this
does not limit its applicability to other modes.
3.1. Formulation of behaviors
We assume ﬁve classes of actors in a city: employed households,
unemployed households, ﬁrms, developers, and landowners. The
principles of their behavior are formulated as follows.
3.1.1. The employed household
The employed household who commutes from residential location i
to work place j determines its consumption of goods x, ﬂoor area A, and
leisure hours S to maximize its utility uH under the constraints of time
and income. This behavior can be formulated as follows:
uH ¼ XijαX  AαAij  Sij
αS ð1Þ
s:t:wj  Twij þW ¼
X
k
pHik  xijk þ rij  Aij þ cij ð2Þ
T ¼ Twij þ Tcij þ Sij ð3Þ
where
Xij ¼
X
k
bk  x−ρijk Þ−
1
ρ:

ð4Þ
Variable k denotes the location of the shopping. Xij is the composite
utility of goods; wj is the wage rate;W is the unearned revenue; pHik is
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cost; T is the available time; Tijw is the working hours; Tijc is the commut-
ing hours; and bk is the attractiveness of the shopping place. Here, the
consumer price of goods is deﬁned as the sum of the original price of
the goods p and the travel cost for shopping cik (pHik = p+ cik). Using
these variables, xijk, Aij, and Sij are expressed as follows:
xijk ¼ αX  wj T−Tcij
 
þW−cij
n o
 bk  p−1Hik
  1
ρþ1
,X
k0 bk0  p
ρ
Hik0
  1
ρþ1 ð5Þ
Aij ¼ αA  wj T−Tcij
 
þW−cij
n o.
rij ð6Þ
Sij ¼ αS  wj T−Tcij
 
þW−cij
n o.
wj: ð7Þ
For the sake of simplicity, we assume a constant return to scale
utility function.
X
α ¼ αX þ αA þ αS ¼ 1: ð8Þ
Eqs. (4) and (5) can be used to derive the following composite utility
of goods:
Xij ¼ αX  wj T−Tcij
 
þW−cij
n o.
ψi ð9Þ
where ψi is a composite price of unit goods at residence i, expressed as
follows:
ψi ¼
X
k
bk  pρHik
  1
ρþ1
n oρþ1
ρ
: ð10Þ
The indirect utility function is derived as follows:
uHij ¼ α1  wj T−Tcij
 
þW−cij
n o.
ψi
αX  rijαA wjαS
 
ð11Þ
where
α1 ¼ αXαX  αAαA  αSαS : ð12Þ
Here, under the equilibrium state, the utilities for all employed
household are identical, i.e. uijH ≡ uH for ∀i,j, otherwise they will move
to the higher utility pair of residence and work place. The bid rent of
the employed household is given by following formula:
rij ¼ α1 
wj T−Tcij
 
þW−cij
ψi
αX wjαS  uH
8<
:
9=
;
1
αA
: ð13Þ
Substituting Eq. (7) into Eq. (3), working hours are given as follows:
Twij ¼ 1−αSð Þ  T−Tcij
 
−
αS  W−cij
 
wj
: ð14Þ
The utility will be calculated endogenously to satisfy the total popu-
lation constraints explained in Section 3.2. Unearned revenueW is given
exogenously assuming an outside source such as dividend from capital.
3.1.2. The unemployed household
Unemployed households consist of retired workers, who make up a
signiﬁcant portion of the population in an aged society. Even though
they do not commute to work, they still travel for shopping purposes
and thus have a signiﬁcant inﬂuence on urban activities. The unem-
ployed household determines its consumption of goods x and ﬂoorarea A to maximize its utility uN under the constraints of income. This
behavior can be described as follows.
uN ¼ XiαX  AiαA ð15Þ
s:t: W ¼
X
k
pHik  xik þ ri  Ai ð16Þ
where
Xi ¼
X
k
bk  x−ρik Þ−
1
ρ:

ð17Þ
Again we assume a constant return to scale utility function, i.e.
αX + αA = 1. Solving this problem, Marshallian demands xik and Ai
are expressed as follows:
xik ¼ αX W 
bk  p−1Hik
  1
ρþ1
X
k0 bk0  p
ρ
Hik0
  1
ρþ1
ð18Þ
Xi ¼ αX 
W
ψi
ð19Þ
Aij ¼ αA 
W
ri
: ð20Þ
The bid rent of the unemployed household is given as follows:
ri ¼
α2 W
ψi
αX  uN
  1
αA ð21Þ
α2 ¼ αXαX  αAαA : ð22Þ
The utility for unemployed household is also calculated endoge-
nously as will be explained in Section 3.2. Unearned revenue W for un-
employed household is also given exogenously assuming pension fund
outside the city.
3.1.3. Firms
Firms produce goodswith inputs of labor, ﬂoor, capital, and business
meetings to maximize their proﬁt. This is expressed as follows:
Π j ¼ p  qj−c j ð23Þ
where
qj ¼ β0  LβLj  A
βA
j  K
βK
j M
βM
j ð24Þ
Mj ¼
X
j0
ξ  L j0 mjj0
 −ρ0@
1
A−
1
ρ
ð25Þ
c j ¼ wj  Lj þ r j  Aj þ
X
j0
cjj0 mjj0 þ κ  K j ð26Þ
where j is the ﬁrm location;Πj is the proﬁt; p is the producer price; qj is
the production quantity; L, A, K, andM are the inputs of labor, ﬂoor, cap-
ital, and business meetings, respectively; ξ L j′ is the value of meeting at
location j′, which is assumed to be proportional to the labor input at j′;
mjj′ is the number of meetings at j′; w is the wage rate; r is the ﬂoor
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βA, βK, βM, and ρ are the parameters. Using these variables, Lj, Aj, Kj, and
mjj′ are derived as follows:
L j ¼ p  βL  qj=wj ð27Þ
Aj ¼ p  βA  qj=r j ð28Þ
K j ¼ p  βK  qj=κ ð29Þ
mjj0 ¼ p  βM  qj 
ξ  Lj0
 −ρ
cjj0
0
@
1
A
1
ρþ1 X
j0
ξ  L j0
.
cjj0
 −ρ
ρþ1
8<
:
9=
;
−1
: ð30Þ
Substituting Eq. (27)–(30) into Eq. (24) and assuming constant
returns to scale (βL + βA + βK + βM = 1), r can be solved as follows:
r j ¼
p  β1ð Þ
1
βA
wj
βL
βA  κ
βK
βA 
X
j0
cjj0
.
ξ  L j0
   ρ
ρþ1Þ
ρþ1
ρ 
βM
βA
0
@
ð31Þ
where
β1 ¼ β0  βLβL  βAβA  βKβK  βMβM : ð32Þ
3.1.4. Developers
Developers produceﬂoor area Aiwith inputs of landGi and construc-
tion capital Ki and provide it to ﬁrms and households to maximize their
proﬁtΠi. This behavior is expressed as follows:
Πi ¼ ri  Ai−φ  Ki−gi  Gi ð33Þ
Ai ¼ γ0  G1−γKi  Ki
γK ð34Þ
where ri is the ﬂoor rent; ϕ is the price of construction capital; gi is the
land rent; and Gi is the given land area. We also assume that 0 b γK
b 1. The input demands are given as follows:
Ki ¼
ri  γk  Ai
φ
ð35Þ
Gi ¼
ri
gi
 1−γKð Þ  Ai: ð36Þ
Using Eqs. (35)–(37), land rent gi and ﬂoor supply are given as
follows:
gi ¼ γ0  rið Þ
1
1−γK  γK
φ
 	 γK
1−γK  1−γKð Þ ð37Þ
Ai ¼ Gi 
ri
φ
 	 γK
1−γK  γ0  γKγK
  1
1−γK : ð38Þ
Under these conditions, the developer's proﬁt Πi becomes zero.
Here, the bid rents of actors differ from each other. In light of discrete
choice theory [34], we assume that the developers evaluate their rent
in log scale with an error term, following a Gumbel distribution, and
provide the ﬂoor area to an actor in proportion to the actor's probability
in making the highest evaluation among all actors' bids. In other words,the error term is assumed to enter on the developer's side. The evaluat-
ed value of bid rent by a developer is expressed as follows:
E rð Þ ¼ log rð Þ þ ε θð Þ ð39Þ
where r is an actor's bid rent, ε is an error term following a Gumbel
distribution, and θ is its dispersion parameter. Employed households
have different bid rents according to their workplaces as commuting
cost factor into the value. For simplicity, the proportion of ﬂoor supply
to employed household by workplace is calculated ﬁrst. Putting θ =
θH in Eq. (40), the probability that the evaluated bid rent of household
employed at j takes the highest value is derived as follows:
PrijjH ¼
rHij
 θH
X
j0 r
H
ij0
 θH ð40Þ
where rijH is the bid rent of employed households. The average bid rent riH
of employed household residing at i is obtained as follows:
rHi ¼
X
j
PrijjH  rHij : ð41Þ
Specifying the bid rent of ﬁrm riB, and that of unemployed household
ri
N, the proportion of ﬂoor supply provided to each actor is expressed as
follows:
Prki ¼ rki
 θ,X
k0 r
k0
i
 θ
k∈ B;H;Nf g ð42Þ
PrHij ¼ PrHi  PrijjH ð43Þ
where B, H, and N denote the ﬁrm, employed household, and unem-
ployed household respectively. The expected ﬂoor rent is expressed as
follows:
ri ¼ PrBi  rBi þ PrNi  rNi þ
X
j
PrHij  rHij : ð44Þ
Using Eqs. (39)–(44), the ﬂoor area provided to each actor is
calculated as follows:
AHij ¼ Ai  PrHij ð45Þ
ANi ¼ Ai  PrNi ð46Þ
ABi ¼ Ai  PrBi : ð47Þ
Here, if θ and θH are large enough, the choice probabilities shown in
Eqs. (40) and (41) become deterministic, and the actor with the highest
bid rent occupies all the ﬂoor of the corresponding area.
3.1.5. Landowners
Landowners rent their own land as building area or agricultural area
to maximize their proﬁt. Following the approach we took with the de-
velopers' behavior formulation, we assume that landowners determine
the proportion of land to supply as building and agriculture area
103M. Kii et al. / IATSS Research 37 (2014) 98–109according to the land rent. Assuming a building land rent of gi and an
agricultural land rent of gai, the building land area is calculated by the
following equation:
Gi ¼
gið ÞθG
gaið ÞθG þ gið ÞθG
 G0i ð48Þ
where G0i is the land area owned by the landowner.
3.2. Equilibrium conditions
3.2.1. Equilibrium conditions for ﬂoor area and labor markets
First, when ﬂoor area demand from ﬁrms equals ﬂoor area supply,
the production volume qj can be calculated as follows:
qj ¼
rBj  ABj
p  βA
ð49Þ
where rjB is the bid rent of the ﬁrm given by Eq. (33). Under these con-
ditions, labor demand in zone j can be given by the following equation:
LBj ¼
βL
βA
 r
B
j
wj
 ABj : ð50Þ
Dividing theﬂoor supply AijSH= AijH in Eq. (45) by the residential ﬂoor
demand per employed household AijDH = Aij in Eq. (6), it is possible to
solve for the number of employed households nijH.
nHij ¼ ASHij
.
ADHij : ð51Þ
Eqs. (14) and (51) derive labor supply at j as follows:
LHj ¼
X
i
nHij Twij for ∀ j: ð52Þ
Using Eqs. (50) and (52), the equilibrium condition of the labormar-
ket is expressed as follows:
LHj ¼ LBj for ∀ j: ð53Þ
The number of unemployed households niN is calculated in the same
way as the number of employed households by using Eqs. (20) and (46).
nNi ¼ ASNi
.
ADNi : ð54Þ
If the total numbers of employed and unemployed households in the
urban sphere are NH and NN, respectively, the zonal numbers of house-
holds must satisfy the following conditions:
X
i; j
nHij ¼ NH ð55Þ
X
i
nNi ¼ NN : ð56Þ
Equilibrium conditions, expressed by Eqs. (53), (55), and (56), are
solved by the utilities of households uH and uN, and the wage rate wj
for each zone. In general, utilities of employed and unemployed house-
holds are different.
3.2.2. Trafﬁc network equilibrium
The origin–destination (OD) trafﬁc volume between zones i and j is
expressed as the sum of travel for commuting, shopping, and meeting.
The OD volume is given by the following equation:
Qij ¼ 2 nHij þ
X
k
nHik  xHikj þ nNi  xNij
 
: ð57ÞThe ﬁrstmultiplier on the right side of the equation signiﬁes that the
travelermakes a round trip, going from the origin to the destination and
then back to the origin.We denote the set of routes between zones i and
j as Yij, the minimum generalized cost as μij, the generalized cost to use
route y as μyij, and the trafﬁc volume on the route as fyij. Assuming
the Wardrop equilibrium [35], which satisﬁes the equal travel time
principle, the following equation is satisﬁed:
f ijy  μ ijy−μ ij
 
¼ 0 and μ ijy−μ ij
 
≥0 for ∀y∈Yij;∀ij∈Ω :
ð58Þ
where Ω is the set of all OD pairs in the urban sphere. Denoting the
trafﬁc volume at link a as za and the generalized cost as μa(za), a function
of trafﬁc volume, the following equations can be derived:
μ ijy ¼
X
a
δijay  μa zað Þ for ∀y∈Yij;∀ij∈Ω ð59Þ
za ¼
X
y∈Yij
X
ij∈Ω
δijay  f ijy for ∀a ð60Þ
Qij ¼
X
y
f ijy ð61Þ
where δayij is a variable that equals one if link a is included on the route y
in OD − ij and zero if not. If the vector of link trafﬁc za satisﬁes
Eqs. (58)–(61), the trafﬁc pattern satisﬁes the Wardrop equilibrium
condition. This problem can be solved using the Frank–Wolfe algo-
rithm [36]. In this paper, we use the following US Bureau of Public
Roads (BPR) function [37] for the link cost function:
μa zað Þ ¼ ηa0  1þ λ1  za=χað Þλ2
n o
þ ηa1 ð62Þ
where ηa0 is the time cost at zero trafﬁc, ηa1 is the monetary cost, χa is
the daily trafﬁc capacity, and λ1 and λ2 are the parameters. Here, ηa0 is
given as the product of average wage rate and travel time of the link
at zero trafﬁc. ηa1 is given as the fuel cost which depends on fuel econ-
omy. We assume the cost of the rail network to be constant; in other
words, it is not a variable of rail travel demand. In our model, there
are roads connecting all livable places but the rail network is available
only in a limited number of places. Detailed assumptions are to be
explained in Section 4. We also assume that households just choose
the mode that gives them the lowest total transport cost. In other
words, road and rail are represented by different links and the modal
share is calculated on the network assignment problem. Solving this
problem provides the travel time at each road link. By summing the
travel times and costs of the links on the shortest path at equilibrium
state, one can derive travel cost cij and time Tijc. These are used for travel
cost in the urban economics model. In addition, total trafﬁc volume can
be calculated by adding together the products of trafﬁc volume and link-
length for all network links.
3.3. Beneﬁt
Beneﬁt B is themonetary change in household utility precipitated by
policies. In this model, we assume that it is measured by the change of
unearned revenue under the deﬁnition of equivalent variation. The
beneﬁt of employed household can be approximated as follows:
BH ¼ ζ
H
w þ ζHo
2
 uw−uoð Þ ð63Þ
ζHz ¼
1
α1
X
i; j
ψi;z
αX  rij;zαA wj;zαS  nHij;z for z∈ w; of g ð64Þ
Fig. 2. Linkage among actors and markets.
104 M. Kii et al. / IATSS Research 37 (2014) 98–109where subscriptsw and o in Eqs. (63) and (64) mean “with policy” and
“without policy,” respectively. In Eq. (64), ζzH is thepartial differentiation
of income over utility. The beneﬁt of unemployed household can be
calculated by substituting ζzH with ζzN which was deﬁned as follows.
ζNz ¼
1
α2
X
i
ψi;z
αX  ri;zαA  nNi;z for z∈ w; of g ð65Þ
3.4. Linkage among actors and markets
Fig. 2 is a summarized chart of linkage among actors and markets in
the above formulation. The arrow direction indicates the ﬂow of goods/
services and the counter ﬂow of price/cost among major variables,
thereby representing the interaction among actors. The urban econom-
ics model and network equilibriummodel have a somewhat cyclic rela-
tionship: the former model outputs OD travel demand, which is an
input for the latter model, and the latter model estimates OD trip time
and cost, which are inputs for the former model. In this analysis, system
equilibrium is reached when the differences in travel demand and cost
from the preceding calculation are sufﬁciently small.
3.5. Sub-models for energy use and cost estimation for infrastructures
The abovemodel is a partial equilibriummodel that estimates policy
impact on energy consumption by car and indirect impact on housingTable 1
Regression model parameters for road and water pipe length estimation.
Road length
(m/km2)
Water pipe
length (m/km2)
Parameters t-Value Parameters t-Value
Intercept 45,541 16.48 21,127 6.47
Population density (person/km2) 1.41 3.36 3.53 7.11
Number of samples 118 118
R-squared 0.09 0.304andwages through ﬂoor area and labormarkets. In addition, the energy
and cost of infrastructure development, road/railway maintenance, or
railway operations should be considered in the analysis; these energy
consumption levels and costs are also susceptible to the effects of
urban policy. We assume that no energy or cost is consumed for infra-
structure purposes in zones where development is regulated: in other
words, those infrastructures are not to be invested or maintained in
the regulated zones. Water supply and sewage pipes ﬁgure into the
cost estimation for infrastructure maintenance, but their energy con-
sumption levels are not included. Railway length is given by scenario.
Road and water pipe lengths are projected based on a regression
model with an independent variable of population density, whose
parameters are estimated using the data of city of Takamatsu, Japan.
Energy efﬁciency parameters for infrastructure maintenance and rail-
way operation are determined based on Chester and Horvath [17] and
Chester [38]. The parameters are summarized in Tables 1 and 2.
4. Policy analysis
This study examines two examples of urban policy: road pricing at
the city center and regulation of suburban building development. We
assume a square area that consists of 7 × 7 zones, each of which mea-
sures 2 km × 2 km.We also assume that 200,000 employed households
and 100,000 unemployed households exist in the area. Four railways
run from the center to the north, south, east, and west. Arterial road
links connect all adjacent zones, with the links that are nearer to theTable 2
Energy consumption and cost for construction/production/maintenance.
Energy consumption Road GJ/km/year 654
Railway GJ/km/year 23
Train vehicle GJ/vehicle/year 156
Cost Road Yen/m/year 1988
Water pipe Yen/m/year 6241
Rail and train Yen/vehicle-km/year 698
Table 3
Model parameters.
Actor Parameters Value
Employed household Household size 1.9
Available time (hours/year) T 7538
Unearned revenue (thousand yen/year) W 125
Parameters of utility function αX 0.20
αA 0.10
αS 0.70
Unemployed household Household size 1
Unearned revenue (thousand yen/year) W 911
Parameters of utility function αX 0.73
αA 0.27
Shopping place substitution parameter (both for employed and
unemployed)
ρ −0.56
Firm Parameters of production function β0 1.50
βL 0.50
βA 0.20
βK 0.20
βM 0.10
Meeting place substitution parameter ρ −0.30
Rent for capital (thousand yen/year) κ 90
Developer Parameters of ﬂoor production function γ0 1.69
γk 0.73
Rent for capital (thousand yen/year) κb 76
Variance parameters θH 1.00
θ 3.00
Landowner Agricultural land rent (thousand
yen/m2/year)
ra 5.00
Variance parameters θG 3.00
Road link cost function λ1 0.48
λ 2 2.82
Note: These parameter values are estimated based on statistics published by the Japanese
government [40–44].
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network has same length (2 km). The model parameters are set based
on various statistics, as shown in Table 3.
The road network is assumed to be used only by passenger cars that
refuel with gasoline. The fuel economy of a car is given as a function of
its driving speed and vehicle weight [39], where the speed is calculated
for each link in the model and the vehicle weight is assumed to be
1.2 tons. We assume the occupancy rate of each car to be one; in
other words, passenger distance traveled (km) and vehicle distance
traveled (km) are identical. The energy consumption on a road link is
the product of trafﬁc volume, length of link, and fuel economy. In
regulated development areas, we assume that there is no train service
or infrastructure maintenance, leading to a reduction in the energy
consumption and costs tied to these activities. On the other hand, the
energy consumption and costs of train service and infrastructure main-
tenance in unregulated zones remain in the formulation.
Given these assumptions, Fig. 3 shows the estimated location
pattern for an employed household's residence and link trafﬁc on theFig. 3. Residential pattern of employed households (left) aroad and railway in an equilibrium state. This ﬁgure indicates that
household density is higher when the zone is nearer to the center. It
also shows that the zones along the railway are relatively attractive
for residents as well. The pattern of location for a ﬁrm is similar to
that for household location. Reﬂecting the location patterns for house-
holds and ﬁrms, links that are nearer to the center experience heavier
trafﬁc.
Using this equilibrium state as the deﬁning benchmark, one can
assess the impact of the two policymeasures. Because a policymeasure
alters the conditions of location and travel, it brings about another equi-
librium state. The impact of a given policy is calculated as the difference
between the equilibrium state with the policy and the equilibrium state
without the policy. When analyzing the dynamics of policy impact, it is
important to note that travel patterns can be changed in the short term,
but changing location patterns may take more time; for a resident or
ﬁrm, after all, changing one's location requires a higher cost thana travel
route/mode change does. The lifetime of a house in Japan is around
30–40 years, and it would ostensibly take the same number of years
for a policy intervention to achieve a new equilibrium state for location.
In this analysis, only road links connecting city center are assumed to
be priced. This assumption is far from the concept of the ﬁrst-best or
second-best pricing [45]. This means that much better social welfare
could be realized by road pricing policy than that estimated in this
analysis. It should be noted that our implementation of road pricing is
just an example and our results do not provide a full picture of the pos-
sibilities afforded by road pricing. Even though there are more optimal
ways of pricing roads, our ad hoc pricing might be politically easier to
implement. Application of the second best pricing in this model will
be examined in future study.4.1. Impact of road pricing
Road pricing affects actors' mode/route choices in the short term
and, depending on the charges associated with the road pricing policy
in question, may affect residence/ofﬁce location in the long term.
Here, we analyze the long-term impact of road pricing.
In this analysis, road pricing is instituted on the road links connected
to the center zone. If we set a certain value (e.g., 200 yen) as the toll
charge, we can calculate the toll's effect on energy consumption and
trafﬁc. In this model, the road charge is added to ηa1 in Eq. (62). The
effect is calculated as the differences in fuel consumption and trafﬁc be-
tween the case with the toll in effect and the case with a zero-yen toll.
We set eight values (200, 400, 600, and up to 1600 in 200-yen incre-
ments) as the toll charges and calculate the effect for each. When the
charge exceeds 1600 yen, themodel estimates no trafﬁc on the charged
road links. Fuel consumption by road transportation slightly declines as
the charge increases, although the sensitivity is quite small (Fig. 4). This
policy affects the energy consumption levels of infrastructure construc-
tion, infrastructure management, and railway operation to a negligiblend link trafﬁc on railways (middle) and roads (right).
Fig. 4. Changes in energy consumption by road pricing scheme. Fig. 6. Changes in beneﬁt, revenues from charges, and land rent by road pricing scheme.
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duce energy consumption by a maximum of 1.6%. Total trafﬁc volume
declines and the share of railway trafﬁc grows as the charge increases
(Fig. 5). At charges of over 1000 yen, the trafﬁc volume on links subject
to road pricing is already so small that the trafﬁc and modal share
sensitivities over the 1000-yen threshold are minimal.
Looking at Figs. 4 and 5, the energy saving in car seems to be too
small in comparison with a road trafﬁc reduction. In this study, the
fuel economy of cars is estimated as a function of travel speed. The pric-
ing has increased trafﬁc volumes on unpriced roads and worsened the
congestion, leading to a maximum of a 6% decrease in fuel economy in
average. It affects the insensitivity of energy consumption to the price.
In addition, beneﬁt, which is calculated by Eq. (63), declines as the
charge increases (Fig. 6). In this study, beneﬁt comprises income, ﬂoor
area of residence, and leisure time but does not incorporate the return
of revenue from the road pricing policy to households, income increases
for landowners, or the proﬁts of railway operators. The revenue from
road pricing reaches its maximum value when the toll is 400 yen, and
the resulting revenue is larger than the negative impact on beneﬁt.
This means that if the cost for road pricing is sufﬁciently inexpensive
and the revenue is adequately returned to households, the road pricing
policy could possibly improve overall beneﬁt. This is consistentwith the
ﬁndings of transport economics, which suggests that enacting transpor-
tation charge schemes in the presence of trafﬁc congestion externalities
improves the social welfare [19]. When the charge exceeds 600 yen, its
negative impact on beneﬁt is larger than the revenue from the charge.
This means that excessive charging decreases the total beneﬁt.
The revenue of landowners from land rent is positive. The rent at the
city center zone increases at ﬁrst because some households and ﬁrms
shift their locations to the center to avoid road pricing. But when the
price exceeds 600 yen, the location of households and ﬁrms has shift
from center to unpriced zones. The proﬁts of railway operators increase
as price increases because of the modal shift drawing more passengers
to the railway system.Fig. 5. Trafﬁc volume and modal share by road pricing scheme.Regarding the deﬁnition of beneﬁt, economic models usually try to
include toll revenues and rents for landowners in it. In this study, we as-
sume that those monetary ﬂows arrive at different actors and we try to
measure them separately to discuss the differences of policy impacts
among actors. Returning the proﬁt or toll revenues to householdwill af-
fect their income, so it would change the results. In addition, we do not
consider the cost for collecting tolls that would change the result above.
Separation of monetary ﬂowwould possibly make it easy to discuss the
unconsidered cost.4.2. Impact of regulation on suburb development
In this analysis, we assume that households and ﬁrms cannot be
located in the outer area of the city shown in Fig. 3. The usable area is
set to 196 km2 without regulation, 100 km2 with the outermost zones
regulated, and 36 km2 with the two outermost zones regulated.
Energy consumption levels decline as the size of the development
area decreases (Fig. 7). The rate of energy consumption reduction is
higher under the regulation of the two outermost zones. This regulation
scheme also reduces energy consumption from construction andmain-
tenance of the road and rail infrastructure, as well as that from rail
operations, while the absolute values of consumption from railway
operations and infrastructure are small. The total energy consumption
is reduced by 34% at a development area of 100 km2 and by 73% at a
development area of 36 km2.
Regarding the change in transportation conditions (Fig. 8), decreas-
ing development area produces reductions in total trafﬁc volume and
increases in the railway's share of trafﬁc. Regulation leads to a smaller
urban area, which thus reduces trip length. As shown in the ﬁgure,
road trafﬁc drops signiﬁcantly, but railway trafﬁc volume increases. As-
sumed regulation increases access to the railway from the origin of a
trip; the proportion of zones where railways run is 27% without regula-
tion but 36% and 56%, respectively, when the outmost and two outmostFig. 7. Changes in energy consumption by development area.
Fig. 8. Trafﬁc volume and modal share by development area.
107M. Kii et al. / IATSS Research 37 (2014) 98–109zones are regulated. This would be applicable to actual cities. The spatial
concentration of urban development also increases the probability of
road congestion. Considering that the level of railway service stays con-
stant, road congestion thus induces a modal shift. These changes in
transportation correlatively affect the increase of the railway share
and the consequent reductions in energy consumption.
Beneﬁt demonstrates a particularly sharp decline when land regula-
tion is in effect on the two zones (Fig. 9). In this analysis, a reduction in
development area makes land scarcer, thereby inducing a rise in ﬂoor
rent. As a result, it reduces the ﬂoor area of houses and ofﬁces. The
rise in ﬂoor rent also increases production costs for ﬁrms and, by exten-
sion, lowers wage rates for households and leads to longer working
hours. The estimated beneﬁt in this study reﬂects this mechanism of
urban economic activity.
On the other hand, an increase in land rent raises landowner's in-
come. Provided that the landowners and households in a city are not
identical sets, this result can be interpreted to mean that the policy
prompts income transfer from households to landowners. Part of the
disbeneﬁt to households comes from this income transfer. Zone regula-
tion reduces overall infrastructure costs, as well as, eliminating road,
rail, water, and sewage in the regulated zones. In the ﬁgure, the cost
reduction in railway slightly increases the railway proﬁt. The road and
water cost reductions, meanwhile, beneﬁt the local government. As
our model does not take tax collection into consideration, one would
need to incorporate this cost saving separately. The sum of the changes
in beneﬁt, landowner income, railway proﬁt, road and water construc-
tion, and maintenance costs, which cancel out the income transfer, is a
negative value. This suggests the possibility that land-use regulation
policies might impair social welfare.
4.3. Comparison of urban policy impact
Based on our evaluation, road pricing is capable of increasing eco-
nomic beneﬁt but has a very limited potential impact on energy saving.Fig. 9. Changes in beneﬁt and land rent by development area.On the other hand, regulation of suburban developmentmakes a drastic
impact on energy saving but has a negative effect on the economy.
In terms of energy saving, road pricing reduces consumption from
car use, but its impact is small compared to the land-use regulation.
While the pricing policy triggers a modal shift to railway for trips to
the city center in the short term, it also drives the relocation of house-
holds and ﬁrms from the city center to zones with no road pricing in
the long term. Therefore, this policy engenders a dispersed urban struc-
ture, which is a negative factor in energy saving. Land-use regulation
gives the city a compact urban form that makes trip length shorter
and access to railway easier, consequently spurring a decline in energy
consumption from car use. Moreover, consumption from infrastructure
construction andmaintenance drops in regulated zones under the land-
use regulation policy but remains unchanged under the road pricing
policy. Putting all these factors together, land-use regulation has a
much larger impact on energy saving than road pricing does.
Meanwhile, as described above, land-use regulation brings a sub-
stantial negative economic impact. The regulation allows households
to shorten their trip lengths and commuting times, which is certainly
a positive factor in overall beneﬁt, but the decrease in the amount of liv-
able land forces households to live in smaller houses and pay more ex-
pensive rent. This is the primary driver behind the decline in household
beneﬁt. Average ﬂoor area declines 11% and 25%, respectively, when the
outmost and two outmost zones are regulated. Floor rent also increases
for ﬁrms, thereby shifting the input from ﬂoor area to labor. At the same
time, the reduction in average commuting time alleviates time con-
straints, leading to a broader labor supply at lower wage rates. As a
result, this policy effects a reduced wage rate and extended working
hours. Reﬂexively, the ﬂoor rent increase beneﬁts landowners. The
sum of these factors is a negative ﬁgure of approximately −117 to
−381 billion yen annually. As explained earlier, the road pricing has a
non-monotonic ﬁgure. If half of the road pricing revenue goes to the
pricing system cost, the sum of the beneﬁt, revenue, land rent, and rail-
way proﬁt has a maximum value of +0.9 billion yen at a charge of
200 yen but declines to−28 billion yen at a charge of 1600 yen.
Considering the total monetary impact as the cost of energy saving,
it is possible to obtain the unit cost to save energy through the policy
(Table 4). When the toll is 200 yen, the cost is estimated to be
−110 yen/MJ; this means that the policy can reduce energy consump-
tion and still produce a social monetary beneﬁt. However, the energy
saving potential under this scheme is a reduction of just 0.4%. If the
toll is 1600 yen, the reduction potential is 1.3%, but the reduction cost
is 108 yen/MJ. If the energy is converted into gasoline, it costs
3540 yen to save the energy equivalent to 1 L of gasoline. Land-use reg-
ulation cuts energy consumption by 34% and 73% at 560 yen/L and
840 yen/L in gasoline for regulation on the outmost and two outmost
zones, respectively. Compared to road pricing, land-use regulation
boasts a much larger energy-saving potential with cheaper costs.
Are these costs comparable to those of other energy-saving mea-
sures? One example of an alternative measure would be replacing ordi-
nary cars with hybrid cars. It is assumed that ordinary cars and hybrid
cars driven for 10 years and 10,000 km per year differ by 8 km/L in
terms of fuel economy and 500,000 yen in terms of price. The additional
vehicle cost per unit of fuel saved is 150 yen/L. Assuming that gasoline
prices exclude tax (90 yen as of June 17, 2013 in Japan) and represent
social cost, the society would pay a net cost of 60 yen/L for vehicles to
save on fuel consumption. As the LUTmodel already incorporates the di-
rect beneﬁt of energy saving, the costs need to be compared in net cost
terms. This result suggests that, under the assumed conditions, land-use
regulation is sociallymore expensive than the introduction of hybrid ve-
hicles. However, different population- and economy-related conditions
may generate different energy-saving costs for urban policies.
Energy policy may require the integration of existing policy ﬁelds to
achieve a secured and resilient society. Researchers have traditionally
evaluate the impact of urban policies on energy as a matter of technical
or technological issues, but other existing policies, including those
Table 4
Efﬁciency of energy saving.
Net surplus Energy saving Unit cost
Billion yen TJ/year Yen/MJ Yen/L
Road pricing Toll (yen) 200 0.9 83 −110 −3627
1600 −27.8 258 108 3540
Land-use regulation Livable area (km2) 100 −117 6881 17 560
36 −381 14,953 26 840
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design of smart communities; analyzing the comprehensive impact of a
policy on society will thus require a uniﬁed framework. Technological
development in transportation and building/construction should be in-
corporated because they represent essential factors in saving energy
without hindering social activity. The model can reﬂect these forms of
technological progress by modifying the costs of housing and transpor-
tation. Population, income level, and other urban conditions may affect
the policy impact substantially. In addition, some policies may be effec-
tive for one city but ineffective for another. These conditions can be
incorporated into analysis using our model, and further parameter
studies may give shape to effective policies for speciﬁc conditions. LUT
models such as the oneproposedhere can be tools for citywide integrat-
ed policy analysis, but further study is needed.
5. Conclusion
In this study, we developed a land-use transportation model that
explicitly represents the behavior of urban actors, such as households
and ﬁrms, and applied it to assess the impact of two policy measures –
road pricing and suburban land-use regulation – under virtual urban
conditions. In this application of the model, we attempted to evaluate
the long-term impact of urban policies in energy saving and on the indi-
ces of sustainability.
We found that the two policies save energy consumption from road
transportation because they change the locations and travel behavior
patterns of households and ﬁrms. In addition, regulation of suburban
development works to reduce the energy consumption form and costs
of infrastructure construction and maintenance. By changing locations
and travel behavior patterns, thepolicies are estimated to reduce house-
hold beneﬁt. These results can be interpreted to imply that the energy-
saving performance and decline in overall beneﬁt created by these
policies have a trade-off relationship in this analysis. The case studies
presented here have demonstrated the applicability of the LUT model
to the integrated and quantitative impact assessment of urban policies
on energy saving and sustainability, which past policies have analyzed
only partially or qualitatively.
However, we focused only on policy measures that involve charges
and regulations, which increase the costs of urban activities such as
travel and location choice. Our analysis of road charging also calculated
revenue separately from beneﬁt. These assumptions naturally induce
negative beneﬁts. For the discussion to balance energy saving and social
welfare, it would be best to assess combinations of these policy types
with subsidies or development policies that enhance urban functions,
such as investment in public transportation. In addition, energy
consumption and housing costs, which may have a signiﬁcant impact
on society but were not part of our study, should also be taken into
account.
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